Introduction
The dentate gyrus is among well-documented adult neurogenic regions where new neurons are continuously added throughout life [1, 2] . As continuous addition of new neurons requires concurrent remodeling of neuronal connectivity, adult neurogenesis is likely to closely interact with the regulation of neuronal plasticity and related hippocampal functions such as learning and memory. In this regard, we and others have demonstrated that induction of long-term potentiation (LTP) in the perforant path enhances proliferation of stem/ progenitor cells and survival of newly generated neurons in the dentate gyrus [3, 4] . While LTP is one form of synaptic plasticity yielding sustained increases in synaptic efficacy, long-term depression (LTD) is another form of synaptic plasticity, yielding sustained decrease in synaptic efficacy [5] . As LTD induction and expression are significantly facilitated under stress and in animal models of depression, it has been proposed that LTD is related to stress and depression [6, 7] . It is also well known that stressors decrease hippocampal neurogenesis in rodents and nonhuman primates [8] , and chronic antidepressant administration increases neurogenesis in the adult hippocampus, which is necessary for therapeutic action [9] . Collectively, these results raise the possibility that synaptic plasticity related to LTD might also contribute to the regulation of adult neurogenesis, which was addressed in this study.
Methods
Male Sprague-Dawley rats (approximately 9-11 weeks old, 250-330 g, n = 16) were individually housed and allowed free access to food and water. Stimulating and recording electrodes were implanted bilaterally in the angular bundle and hilus, respectively, under deep anesthesia as described earlier [4] . Stimulation elicited mixed medial and lateral perforant path-evoked potentials recorded in the hilar region of the dentate gyrus. One week after surgery, the animals received one of the following four treatments to one hemisphere: (i) LTDinducing low-frequency stimulation (LFS, 1 Hz, 900 pulses, 0.2 ms stimulus duration) 2 h before bromo-deoxyuridine (BrdU) injection (n = 4), (ii) LTP-inducing high-frequency stimulation (HFS, 10 pulses at 400 Hz, repeated 10 times at 0.1 Hz) 2 h before BrdU injection (n = 4), (iii) LTDinducing LFS 1 day before BrdU injection (n = 4), and (iv) LTP-inducing HFS 2 h before BrdU injection combined with LTD-inducing LFS 1 day before HFS (n = 4) (see Fig. 1 for a schematic summary of the experimental protocol). In all animals, baseline LFS (100 pulses at 0.05 Hz) was delivered to the other (control) hemisphere immediately after delivering LTP-inducing or LTD-inducing stimulation to the experimental hemisphere. They were sacrificed 2 h after BrdU injection (200 mg/kg) for histological processes. This protocol has been used widely to assess the number of proliferating (rather than surviving) cells in the hippocampus [10, 11] . Experiments were performed in the dark phase of 12-h light/dark cycle. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of the Ajou University School of Medicine.
The magnitude of LTP (or LTD) was determined by measuring the slope of the initial positive phase of the mixed perforant path-evoked field potential at 60-90 min after HFS (or LFS) and was expressed as a percentage of the baseline average. Evoked responses were amplified 100 Â, band-pass filtered between 1 Hz and 3 kHz, digitized at 4 kHz, and stored on a personal computer. Commercial software (NAC 2.0; Theta Burst Corporation, Irvine, California, USA) was used for stimulus control and collection of data. For immunohistochemistry, the animals were transcardially perfused with 4% paraformaldehyde-PBS solution. The brain was removed, stored in fixative overnight, and transferred to 30% sucrose solution. Coronal sections (40 mm) were cut serially on a cryostat and stored at 201C in cryoprotectant containing 50% glycerol and 0.05 M phosphate buffer. Every 10-20th section containing the dentate gyrus was incubated with 0.2 N HCl for 75 min at 371C, washed with PBS, and blocked with 5% bovine serum and 0.1% Triton X-100 in PBS for 30 min. The following primary antibodies, anti-BrdU (1:500; Oxford Biotechnology, Oxford, UK) and anti-PCNA (1:500; DakoCytomation, Carpinteria, California, USA), were applied overnight. After several washes with PBS, the following secondary antibodies were applied for 30 min: goat anti-mouse IgG (1:500; Alexa Fluor 488, Molecular Probes, Eugene, Oregon, USA), goat anti-rat IgG (1:500; Alexa Fluor 568, Molecular Probes), and Hoechst 33342 (1:1,000; Molecular Probes). Sections were washed, mounted, and observed with a fluorescence or confocal microscope. We only counted immunolabeled cells whose nucleus was located in the subgranular zone of the dentate gyrus.
All data are expressed as mean ± SEM, Student's t-tests and one-way analysis of variance were used for statistical comparisons.
Results
We first examined the effect of LTD induction on dentate gyrus neurogenesis in those animals to which BrdU was injected 2 h after LTD induction (group 1 of Fig. 1b) . Perforant path stimulation evoked positive field excitatory postsynaptic potentials (maximum peak amplitude: 13-15 mV) in the dentate gyrus. Prolonged LFS (1 Hz, 900 pulses) induced LTD that was maintained in a stable manner throughout the recording period (90 min; Fig. 2b ). The magnitude of LTD was 21.6 ± 5.6% decrement from the baseline average, which was statistically significant [n = 4, paired t-test, t(29) = 86.808, P < 0.001]. In the opposite hemisphere (control), little change was observed in field excitatory postsynaptic potentials after baseline LFS (100 pulses at 0.05 Hz; 2.2 ± 3.5% decrement, paired t-test, t(29) = 0.779, P = 0.442). The number of BrdU-labeled cells in the dentate gyrus was not significantly different between the two hemispheres [n = 4, paired t-test, t(23) = -1.150, P = 0.262]. Similarly, the number of proliferating cell nuclear antigen (PCNA)-labeled cells was similar in LTD-induced and control hemispheres (Figs 2a and c, paired t-test, t(23) = -1.458, P = 0.158). These results show that LTD induction does not influence basal proliferation of dentate gyrus progenitor cells in a significant manner.
We then examined whether earlier LTD induction affects LTP-induced adult neurogenesis. For this, we compared the levels of adult neurogenesis in the dentate gyrus following LTP induction 2 h before BrdU injection (group 2 in Fig. 1b) , following LTD induction a day before BrdU injection (group 3), and following the combination of these two (LTD-LTP, group 4). The magnitudes of LTD after prolonged LFS were 23.9 ± 4.1% decrement from the baseline average in the group 3 animals [n = 4, paired t-test, t(29) = 34.588, P < 0.001, not shown in the figures] and 23.1 ± 3.4% in the group 4 animals [n = 4, paired t-test, t(29) = 37.276, P < 0.001, Fig. 3b ]. The magnitudes of LTP after HFS were 48.7 ± 7.6% enhancement over the baseline average in the group 2 animals [n = 4, paired t-test, t(29) = -47.245, P < 0.001, Fig. 3a] and 89.8 ± 6.4% enhancement over the baseline average of existing LTD response (51.8 ± 1.5% enhancement over the initial baseline average before LTD induction) in the group 4 animals (n = 4, paired t-test, t(29) = -79.358, P < 0.001, Fig. 3b ). No significant enhancement or depression was observed in the opposite (control) hemisphere in any of these animals (paired t-test, P > 0.05 in all comparisons). The number of BrdU-labeled and PCNA-labeled cells in the granular layer markedly increased after LTP induction compared with their control hemispheres in the group 2 (n = 4, paired t-test, t(23) = 7.862 and 11.289, respectively, P < 0.001 for both comparisons) as well as group 4 animals [n = 4, paired t-test, t(23) = 8.942 and 10.073, respectively, P < 0.001 for both comparisons, Fig. 3c ], which is consistent to our previous report [4] . As expected, prolonged LFS delivery 1 day before BrdU injection had no significant effect on the number of BrdU-labeled or PCNA-labeled cells [n = 4, paired t-test, t(23) = -0.811, P = 0.426 and t(23) = -1.322 and P = 0.199, respectively; Fig. 3c ]. However, when we compared relative numbers of BrdU-labeled and PCNA-labeled cells (the number of BrdU-labeled or PCNA-labeled cells was divided by that in the control hemisphere in each animal) across the three groups of animals (groups 2, 3, and 4), earlier LTD induction significantly blunted LTP-induced enhancement of BrdU-labeled and PCNA-labeled cells [one-way analysis of variance, BrdU-labeled cells: F(2,69) = 33.657; P < 0.001; post-hoc Bon Ferroni comparison, groups 2 vs. 3, P < 0.001, groups 3 vs. 4, P = 0.002, groups 2 vs. 4, P < 0.001; PCNA-labeled cells: F(2,69) = 72.028; P < 0.001; post-hoc Bon Ferroni comparison, groups 2 vs. 3, P < 0.001, groups 3 vs. 4, P = 0.008, groups 2 vs. 4, P < 0.001; Fig. 3d ]. These results indicate that earlier LTD induction modulates the facilitating effect of LTP on the proliferation of progenitor cells.
Discussion
There are several reports on the relationship of LTD to stress and depression [12] . Stressors can cause structural atrophy and gross reduction in hippocampal volume in humans [13] . Social and psychological stressors markedly suppress adult neurogenesis in rodents and monkeys [14, 15] . Furthermore, adult neurogenesis seems to be required for some behavioral effects of antidepressants [9] . These results raise the possibility that the effects of stress and depression on adult neurogenesis might be mediated by LTD. However, LTD induction failed to modify basal level of adult neurogenesis, suggesting that stress-evoked inhibition of adult neurogenesis and facilitation of LTD might be two parallel events, although they may share common triggering upstream processes. Previous studies have shown that stress-reduced adult neurogenesis is primarily mediated by glucocorticoids and NMDA receptors [16, 17] . In contrast, LTD can be induced in the DG independent of NMDA receptor activation, and this form of LTD is known to be mediated by metabotropic glutamate receptors in medial perforant path-dentate gyrus synapses [18, 19] . Furthermore, the antidepressant effect of lithium has been reported to be independent of neurogenesis [20, 21] . These results suggest that distinct signaling cascades triggered by the same stimuli (e.g. glutamate) might mediate the regulation of neurogenesis and LTD induction separately.
Although LTD induction failed to modulate basal neurogenesis, LTD priming (i.e. LTD induction 1 day before LTP induction) significantly suppressed LTPinduced neurogenesis. A related observation has been reported in presenilin1 (PS1) mutant mice in which enrichment-induced adult neurogenesis, but not basal neurogenesis, was impaired [22] . These results suggest that basal versus induced adult neurogenesis are regulated by distinct mechanisms that are yet to be clarified. Although these results suggest that endogenous LTP/ LTD-like phenomena contribute little to basal neurogenesis, it should be considered that the standard animal housing condition is likely to be a highly deprived environment that provides minimal (LTP-evoking) stimuli to animals. Then, the regulation of adult neurogenesis by synaptic depression might be a frequently occurring physiological process under natural (enriched) conditions.
It is unknown how earlier induction of LTD influences subsequent LTP-induced facilitation of neurogenesis. It is intriguing that LTD priming significantly attenuated LTP-induced neurogenesis, but that synaptic strength was fully restored by subsequent induction of LTP. It may be that the amount of synaptic activation during HFS was not very different between LTD-primed and unprimed groups, but it is also possible that the amount of HFS-induced synaptic activation was substantially reduced in LTD-primed synapses although LTP was elicited, and that this reduction in synaptic activation resulted in less neurogenesis. Alternatively, it is possible that regulatory signals released from neurons or neighboring glial cells mediate LTD-associated modulation of neurogenesis. Neurotrophic factors, growth factors, and cytokines are released in an activity-dependent manner, and the receptors for these humoral factors have been identified in neural progenitor cells [23] . These factors might mediate plasticity-associated modulation of adult neurogenesis. If so, identification of critical mediator(s) of plasticity-associated adult neurogenesis would be an important issue to be addressed.
Conclusion
LTD induction by itself did not affect progenitor cell proliferation in the dentate gyrus. However, when LTD was induced a day before LTP induction, neuronal progenitor cell proliferation facilitated by LTP induction was markedly blunted. These results show that two forms of long-term synaptic plasticity, LTP and LTD, differentially influence hippocampal adult neurogenesis. 
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